This work investigated the distribution, partitioning, and ecological risks of 16 polycyclic aromatic hydrocarbons (PAHs) in water and sediment of the Yinma River Basin in China in normal, wet, and dry seasons. Sixteen PAHs were analyzed in 17 paired sets of water and sediment samples collected from the study area. The concentrations of PAHs in water and sediment showed spatial-temporal variations, the concentrations in water ranged from 167.6 to 373.9 ng/L with a mean value of 227.9 ng/L in the normal season, from 186.0 to 386.9 ng/L with a mean value of 281.6 ng/L in the wet season, and ranged from 147.0 to 315.9 ng/L with an average value of 218.6 ng/L in the dry season, while concentrations in sediment varied from 895.6 to 2,518.2 ng/g with a mean value of 1,739.4 ng/g in the normal season, from 1,233.0 to 4,763.0 ng/g with a mean value of 2,122.6 ng/g in the wet season, and ranged from 914.2 to 5,678.5 ng/g with an average value of 1,943.7 ng/g in the dry season. Partitioning of PAHs in water and sediment was studied and the result showed that PAHs tend to absorb in sediment. Ecological risk assessments were conducted based on the species-sensitivity distribution (SSD) model, with results suggesting that ecological risks of individual PAHs in water and sediment were little, and the multiple congeners of PAHs in sediment from some sampling sites had ecological risks. Primary sources of 16 PAHs in water and sediment were identified with isomer ratios, and results indicated that primary sources of PAHs in water were identified as a mixture pattern of petroleum and combustion sources, and in sediment were identified as a mixture pattern of petroleum and grass, wood and coal combustion sources.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a group of organic chemicals containing two or more aromatic rings without any heteroatoms or substituents [1] [2] [3] [4] [5] [6] , and prevalently exit in the environment, which are derived from nature and anthropogenic processes such as incomplete combustion, industrial incineration, wastewater discharge, vehicular emissions, and uncontrolled spills [7] [8] [9] . PAHs have toxicity of erotogenesis, carcinogenicity, and mutagenicity, and their toxicity is even greater in aquatic environments [10] [11] . PAH pollution in aquatic environments has drown worldwide attention as their effects are usually widespread and permanent [12] . Sixteen special PAHs are maintained on a priority pollutant list by the United States Environmental Protection Agency (USEPA) [13] . Due to their lipophilicity, high octanol-water partition coefficients, and long-range transport, once PAHs enter an aquatic environment they may remain in water or accumulate in organisms and migrate as water flows. Meanwhile, sediment acts as a local scale collector for environmental contaminants [14] [15] . PAHs adsorbed on the sediment would be retained in sediment for a long time [16] or released into water, causing secondary pollution [17] [18] . Therefore, it is quite necessary to routinely monitor concentration levels of PAHs in an aquatic environment and evaluate their potential risks [13, [19] [20] .
The Yinma River Basin (43°0'N -45°0'N, 124°30'E -126°0'E) is located in the middle of Jilin Province in China, which provides domestic water for 8 million residents and irrigates farmland in the region. The area has a north temperate continental monsoon climate and the average annual temperature is approximately 4.9ºC. In the Changchun site the annual mean precipitation is 582.2 mm. The precipitation between June and September is 451.2 mm, which accounts for 77.5% of the whole year. The Yinma Basin receives a great amount of industrial discharge, vehicular emissions, agricultural runoff, and the results of oil-related activities. In fact, these anthropogenic activities possibly result in pollution of PAHs in environments connected with water. However, there has been little information on concentration levels and distribution of PAHs in aquatic environments of the Yinma Basin.
Accordingly, the aims of this study are to investigate concentration levels and spatial-temporal distribution of PAHs in water and sediment from the Yinma in normal and wet seasons, to illustrate the partitioning of PAHs in a sediment-water system, to assess ecological risks based on a species-sensitivity distribution (SSD) model, and to identify possible sources of PAHs in water and sediment with isomer ratios. This work aims to provide valuable information for pollution control and quality criteria.
Materials and Methods

Sampling
Seventeen paired sets of water and sediment samples were collected from the basin and its five branches in May and August 2015 (Fig. 1) . The figure shows that the sample sites of 1 to 10 belong to the upper reach, 11 to 13 belong to the middle reach, and 14 to 17 belong to the lower reach. Water samples (below 0.5-1 m) were collected in cleaned glass bottles with cap, and riparian sediment samples were collected using a stainless steel grab sampler and placed in dark polytetrafluoroethylene bags. GPS was used for locating the sampling positions. The samples were taken from the same locations in normal and wet seasons. All samples were transported to a laboratory and analyzed within 24 h. 
Extraction Methods
We analyzed 16 PAHs recommended as priority pollutants by the USEPA.
Water Samples
The 16 PAHs in water samples were extracted using a solid phase extraction (SPE) system (ASE-12, Tianjin Automatic Science Instrument Co., China). A C18 cartridge (500 mg, 6 mL, Agela Technologies Inc., USA) was prewashed successively with 6 mL of dichloromethane (DCM), 6 mL of methanol, and 6 mL of deionized water. Then 2 L of each water sample filtered with 0.45 μm filters passed through the prewashed cartridge (Cleanert S C18-SPE, Agela Technologies Inc., USA) at a constant rate of 5 mL/min under vacuum. Then the cartridge was respectively eluted with 10 mL of DCM and the volume of the extracts was collected and concentrated to near dryness using a rotary vacuum evaporation apparatus (RE-52AA, Shanghai Yarong Inc., China) and adjusted to 1 mL with DCM for gas chromatography (GC) analysis [21] . Dichloromethane (DCM) and methanol were all purchased from Sinopharm Chemical Reagent Co., Ltd.
Sediment Samples
Each sediment sample was freeze-dried, crushed into fine powder, and passed through a 2 mm sieve. Each sediment sample (2 g) was mixed with anhydrous sodium sulfate (1:1/w:w) and extracted in an ultrasonic bath with 20 mL of n-hexane/DCM (1:1/v:v) for 20 minutes (repeated three times). The extracts were mixed and reduced to 1 mL with a rotary vacuum evaporation apparatus (RE-52AA, Shanghai Yarong Inc., China), and then passed through a silica chromatography column (Cleanert Florisil 1,000 mg/6 mL cartridge, Agela Technologies Inc., USA). Then the column was eluted with a mixture (30 mL) of n-hexane and DCM (1:1/v:v), concentrated to near dryness with a rotary vacuum evaporation apparatus and rinsed with 10 mL of DCM. The elute was reduced to 1 mL by rotary evaporator and transferred to 2 mL capped Teflon-lined vials for gas chromatograph (GC) analysis [22] .
Gas Chromatograph Analysis
The samples were analyzed using a GC system (Clarus 680, PerkinElmer Inc., USA) equipped with a flame ionization detector. A 30 m×0.25 mm×0.25 μm HP-5 capillary column was used for separating target compounds. The injection mode was splitless, and sample volume was 1 μL. High-purity helium was used as a carrier gas at a constant flow rate of 1 mL/min. The chromatographic conditions were 80ºC (maintained for 1 min), ramping up from 80 to 255ºC at 15ºC min -1 (maintained for 1 min), from 255 to 265ºC at 2.5ºC min -1 (maintained for 1 min), and from 265 to 300ºC at 2.5ºC min -1 (maintained for 5 min).
Quality Control
All data were subjected to quality control procedures. Quantifications of PAHs were done using external standards, with correlation coefficients for calibration curves all higher than 0.993. The recovery experiments were undertaken by spiking 16 PAH standard solutions with water and sediment samples. Five parallel experiments were conducted, the results indicating that recoveries for water samples were 63-98%, and for sediment samples were 94-111%. The detection limits ranged from 0.12 ng/L to 1.07 ng/L for water and 1.5 ng/g to 9.3 ng/g for sediment. The chromatogram of 16 PAH compounds is presented in Fig. 2 .
Other Analyses
A small amount of each sediment sample was used to analyze total organic carbon (TOC) content in sediment with a total organic carbon analyzer (TOC-VCPN, Shimadzu Corp., Japan). [23] -in which the PAHs in water ranged from 147.03 to 315.87 ng/L with an average value of 218.62 ng/L. There was a significant seasonal variation in concentrations of total PAHs in the water phase across this study area, and the concentrations of almost every station in the wet season was higher than in normal season (except for GW1 and WK1). In the dry season, the concentrations of almost all the stations were lower than in the normal (except for seven sampling sites) and wet (except for YM2, YT3 and GW1) seasons. But an unremarkable difference was observed. The composition pattern of PAHs in water is shown in Fig. 3 . It is clear that light PAHs are the most abundant in three seasons. Heavy PAH concentrations are the lowest in three seasons.
Results and Discussion
Spatial-Temporal Distribution of PAHs in Water and Sediment
PAHs in Surface Water
The spatial distribution of the average concentrations of PAHs in water and sediment for three seasons is presented in Fig. 4 . As shown in Fig. 4 , the normal season sees a relatively high concentration of PAHs in water as observed at site GW1 (373.91 ng/L). This site, located in the middle and lower reaches of the Yinma, is located under a bridge that sees heavy vehicle traffic daily. And because a lot of farmland surrounds the sampling site, the concentrations of PAHs at GW1 are closely related to road dust and vehicle emissions. In addition, concentrations of PAHs in CL2 (318.45ng/L) were relatively high. There were main roads and farmlands in the vicinity of the sampling site. In the wet season, the concentration of PAHs was high in site CL2 (386.89 ng/L) and YT1 (359.15 ng/L), followed by SY2 (320.59 ng/L), YT2 (320.6 ng/L), SY1 (315.13 ng/L), YT5 (298.12 ng/L), and 
PAHs in Sediment
The concentrations of total PAHs in sediment ranged from 895.64 to 2,518.17 ng/g with an average value of 1,739.4 ng/g in the normal season, and from 1,232.99 to 4,762.97 ng/g with an average value of 2,122.57 ng/g in the wet season. Compared with our previous work in the dry season (in which the PAHs in sediment ranged from 914.17 to 5,678.46 ng/g, with an average value of 1,943.7 ng/g), there was a significant seasonal variation in concentrations of total PAHs in sediment across the study area. The concentrations of almost every station in the wet season were higher than in the normal season (except for YM2, YT4, SY2, CL1, and WK1). In the dry season the concentrations of sampling sites YM1, YM2, YM3, YM5, CL1, and GW1 were higher than in normal and wet seasons, and sites YM4, YM6, YT1, YT2, YT3, SY1, and WK1 were lower than the normal and wet seasons. The composition pattern of PAHs in sediment was shown in Fig. 3 . It was clear that light PAHs were the most abundant in three seasons. Heavy PAH concentrations were the lowest in three seasons.
As shown in Fig. 4 , in the normal season we observed a relatively high concentration of PAHs in sediment at site WK1 (2,518.17 ng/g), followed by All the data kept a valid decimal. 
Partitioning PAHs in a Sediment-Water System
The information on partitioning of pollutants is quite necessary for pollution control and quality criteria as partitioning can control the fate and distribution of pollutants in the environment [24] [25] [26] . In this study, the octanol/water partition coefficients (K ow ) can be used for predicting the environmental fate of PAHs. The higher the logK ow , the greater the propensity for the chemical to partition to organic phases. Apparent organic carbon normalized partition coefficients (K oc ) were applied to describe the partitioning of PAHs in a sediment-water system:
…where C s and C w are monitoring PAH concentrations in water and sediment in the units of ng/L and ng/g, TOC (unitless) is the organic carbon fraction in the sediment, and K oc ' (unitless) is the organic carbon normalized partition coefficient for sediment-water system. The relationship between logK oc and logK ow were derived by Seth et al. [27] for PAHs on sediments as: logK oc = 1.03logK ow -0.61 (2) The TOC contents in sediments are shown in Table  2 and the calculated results are shown in Table 3 . As represented in Table 3 , the mean values of Log K oc ' for PAHs ranged 0.47-2.13 in the normal season and 0.22-2.21 in the wet season. The values of Log K oc ' varied across different sampling sites, which might be attributed to variations in PAH concentrations and TOC content in sediment from different sampling sites [21] . Moreover, the mean observed log K oc ' values for PAHs were all lower than the predicted values of log K oc and log K ow , suggesting that PAHs had the tendency to adsorb onto sediment instead of being exchanged with the water phase [28] . The differences between observed values and predicted values of log K oc ' for PAHs ranged 1.36-5.13 in the normal season and 1.16-5.08 in the wet season, indicating that PAHs in the sediment-water system were in a variable state. The values of log K oc ' for PAHs with higher molecular mass were relatively higher, indicating that PAHs with higher molecular mass had a greater tendency to adsorb onto sediment. The result is similar to our previous study.
The relationships between total PAH concentrations and TOC contents in sediments were explored. T-test was applied to evaluate the correlation, and the values of p for normal and wet seasons were 0.005 and 0.000, respectively. The values were lower than 0.05, indicating that total PAH concentrations were well correlated with TOC contents in sediment. We can conclude that TOC was one of the most important factors influencing the distribution of PAHs in sediment. This result is in accordance with previous reports [29] [30] [31] .
Ecological Risk Assessment
The approach of species-sensitivity distribution (SSD) was originally proposed by Kooijman [32] . Many scholars have improved the methods afterward. The SSD concept is frequently used in ecological risk assessment of pollutants in aquatic environments, which is a statistical distribution describing the variations in toxicity of a certain compound or multiple congeners to aquatic organisms [33] . For this study we choose BurrIII and ReWeibull distribution functions to fit our toxicity data. BurrIII and ReWeibull distribution functions are two flexible distributions and well-fitting to species sensitivity data. The BurrIII distribution is written as:
…where x is the value of toxicity data (ug/L) and b, c, and k are parameters.
When k tends to infinity, BurrIII distribution will convert to ReWeibull distribution, which is written as:
…where x is the value of toxicity data (ug/L) and α andβare parameters.
The potential affected fractions (PAFs) of the SSD model represent the proportions of potential affected aquatic organisms to all the species. Values of PAFs greater than 5% are considered as existences of great ecological risks, while PAF values smaller than 5% are regarded as existences of small ecological risks. In this study we applied the SSD model to assess ecological risks of individual and multiple congeners of PAHs in the water and sediment for each sampling site. Because of a lack of some parameter data, only the PAHs with parameter data were studied. The equations for calculating PAFs of individual PAHs and relative parameters are represented in Table 4 .
As shown in Fig. 5 , the values of PAFs for individual PAHs in water and sediment from 17 sampling sites in normal and wet seasons were all smaller than 5%, suggesting that ecological risks of individual PAHs in water and sediment for 17 sampling sites in wet and normal seasons were unapparent. But the values of PAFs for individual PAHs from nine of the sampling sites were higher than 5% in the dry season, which means that ecological risks of those nine sites were remarkable in the dry season. In sediment, the PAF values for individual PAHs from two sampling sites were higher than 5%, meaning that there were small ecological risks in the normal season, and eight sites were higher than 5%, meaning that there were slight ecological risks in the wet season and almost no ecological risks in the dry season. In a word, in water there were almost no ecological risks in normal and wet seasons, and there were few ecological risks in the dry season in some sampling sites. In sediment, there were just two sampling sites with little ecological risks in the normal season, almost a half of sampling sites with little ecological risks in the wet season, and almost no ecological risks in the dry season.
Source Identification
Inferring the sources of PAHs is widely considered to be very important for studying the transportation and fate of pollutants in the environment. The isomer ratios are effective indicators for identifying PAH sources because the distributions of the homologues are strongly associated with the formation mechanisms of carbonaceous aerosols with similar characteristics to organic species. The ratios of the specific individual PAHs can provide information about anthropogenic sources of PAHs [34] [35] [36] [37] . In this study, bivariate plots of Ant/(Ant + Phe) against Fla/(Fla + Pyr) were depicted in Fig. 6 to identify possible sources of PAHs in water and sediment, respectively. Ant/(Ant + Phe) ratio above 0.1 suggests the combustion origin, while ratios of Ant/(Ant + Phe) below 0.1 were indicative of a petroleum source, and ratios of Fla/(Fla + Pyr) below 0.4 were considered petrogenic sources; ratios of Table 4 . SSD model parameters.
Fla/(Fla + Pyr) between 0.4 and 0.5 represent petroleum combustion; ratios of Fla/(Fla + Pyr) greater than 0.5 were regarded as sources of grass, wood, and coal combustion [38] [39] . As shown in Fig. 6 , in the water samples the Ant/ (Ant+Phe) ratios varied from 0.00-0.35 in the normal season and 0.00-0.34 in the wet season, with mean values of 0.09 and 0.12, respectively. 53.13% of the ratios of Ant/(Ant+Phe) were above 0.1 among the two seasons, suggesting a mixed source of petroleum and combustion. The Fla/(Fla+Pyr) ratios varied from 0.00-1.00 in the normal season and 0.18-1.00 in the wet season, with the mean values of 0.21 and 0.41, respectively. 71.88% of the ratios of Fla/(Fla+Pyr) were below 0.4 among all water samples from this two seasons, which showed a mixed source of petroleum and combustion in the two seasons. Thus, water samples were contaminated by a mixed source of petroleum and combustion.
In the sediment samples, the Ant/(Ant+Phe) ratios varied 0.00-0.10 in the normal season and 0.00-0. All of the ratios of Fla/(Fla+Pyr) were above 0.5 among all sediment samples from these two seasons, which showed a main origin of grass, wood, and coal combustion in the two seasons.
Compared with our previous work, in these three seasons the water samples were contaminated by a mixed source of petroleum and combustion, and the sediment samples from these two seasons showed a main origin of grass, wood, and coal combustion in the two seasons.
Conclusions
Sixteen PAHs in water and sediment from the Yinma River Basin of China in normal and wet seasons were investigated, and we refer to our previous work in the dry season. Results indicated that concentrations of PAHs in water and sediment showed spatial-temporal variations, the mean concentrations of total PAHs in water and sediment from 17 sampling sites in the wet season were both higher than in normal season, and the mean concentrations of total PAHs in the water of these two seasons were higher than in the dry seasons. But in sediment, the concentrations in the dry season were lower than in the wet season, and higher than the normal season. The results for partitioning PAHs in a sediment-water system indicated that PAHs preferably accumulated in sediment. For ecological risks, the results for the SSD model indicated that individual PAHs in water and sediment had little ecological risks in normal and wet seasons, while the ecological risks of some sites were remarkable in the dry season, and multiple congeners of PAHs in sediment from some sampling sites had ecological risks. The possible sources of 16 PAHs in water and sediment were identified as a mixture pattern of petroleum and combustion in different seasons.
